We present new measurements of the Rossiter-McLaughlin (RM) effect for three WASP planetary systems, WASP-16, WASP-25 and WASP-31, from a combined analysis of their complete sets of photometric and spectroscopic data. We find a low amplitude RM effect for WASP-16 (T eff = 5700 ± 150 K), suggesting that the star is a slow rotator and thus of an advanced age, and obtain a projected alignment angle of λ = −4.2
INTRODUCTION
As the number of transiting "hot Jupiters" known to astronomy has grown, there has been a gradually increasing push towards fully categorising their physical and orbital properbased on observations made using the CORALIE high resolutionéchelle spectrograph mounted on the 1.2 m Euler Swiss Telescope and the HARPS high resolutionéchelle spectrograph mounted on the ESO 3.6 m (under proposals 084.C-0185 & 085.C-0393), both at the ESO La Silla observatory.
† E-mail:djab@st-andrews.ac.uk ties. It is widely presumed that close-in gas giants do not form at the locations in which we observe them, and there are competing theories to describe the process that leads them to their observable orbits.
Migration induced by a protoplanetary disc provides one means by which such a situation can be explained (Lin, Bodenheimer & Richardson 1996) . Since such discs are generally aligned with the host star owing to angular momentum conservation, we would expect that disc migration would preferentially produce well-aligned hot Jupiter systems. Some misaligned planets would not be out of place under this mechanism, being the result of close planet-planet encounters following migration, but we would expect the majority of planets to exhibit spin-orbit alignment.
The Kozai-Lidov mechanism (Kozai 1962; Lidov 1962 ) is the basis of a competing theory for which evidence is mounting. The presence of a third, outer body in a planetary system can excite periodic oscillations in both the eccentricity and inclination of a planetary orbit; inward migration then follows, with tidal friction kicking in as the planet approaches its host, causing the orbit to shrink and circularise (Fabrycky & Tremaine 2007) . The oscillating inclination that results from Kozai-Lidov interactions produces a continuum of inclinations once the orbits are stable, and thus we would expect the majority of hot Jupiters to exhibit misaligned orbits if the Kozai-Lidov mechanism operates.
It is possible, to some extent, to distinguish between these competing theories through measurement of the spinorbit alignment angles of hot Jupiter systems. Given the different angular distributions predicted by these theories, building up a significant number of spin-angle measurements is a useful means of determining which mechanism is acting. Unfortunately the true misalignment angle cannot be measured unless a spectroscopic measurement of v sin I is made, and the stellar rotation period is known. This yields an estimate of the inclination axis to the line-of-sight (e.g. Schlaufman (2010) ). The situation is made more difficult by systematic uncertainties in v sin I measurements, and the sine function, which flattens as it approaches 90
• and therefore only yields useful measurements at low to intermediate inclinations. We are thus currently limited to measuring he projected spin-orbit misalignment angle in the plane of the sky. This is generally measured through the RossiterMcLaughlin (RM) effect (Rossiter 1924; McLaughlin 1924) which is observable during transit. As the planet transits the approaching limb of the star its spectrum is red-shifted, and when it transits the receding limb its spectrum is blueshifted. The precise form of the RM anomaly in the radial velocity (RV) curve gives the projected misalignment angle, λ.
The first observation of the RM effect for a transiting planet was made by , and since then the number of measurements has increased significantly to a level such that it is possible to begin carrying out analysis of the ensemble of measurements. Fabrycky and Winn (2009) investigated 11 systems with known values of λ, deriving two theoretical distributions for ψ, the true misalignment angle, using different assumptions about the form of the distribution. They suggested, based on an apparent dual population within their data set, that there might be two routes for planet migration, one producing mostly aligned planets and the other producing misaligned planets.
One early indication of a pattern was that misaligned planets tended to be high mass and on eccentric orbits ). Subsequent observations have often countered this initial trend (for example HAT-P-7 (Winn et al. 2009; Narita et al. 2009 )), but high mass (MP > 4 M Jup) planets do appear to have a different obliquity distribution . Of the 6 planets in this category with measured misalignment angles four are misaligned, but none have |λ| > 50
• . More observations of high mass planets are needed before we can be certain that this is not merely an artefact of small-number statistics however.
One of the more intriguing suggestions was put forward by Winn et al. (2010) (hereafter W10) , who speculated that the division into aligned and misaligned planets might be dependent on the effective temperature of the host star. Using a larger sample of 19 systems with known λ, they found that the misaligned systems were preferentially hotter than the aligned examples, with a critical temperature of T eff ≈ 6250 K dividing the two populations. One explanation put forward for this was the tidal realignment of planets around 'cool' stars, with the equivalent process around 'hot' stars being suppressed owing to their lack of a convective envelope. W10 further conjecture that the current ψ distribution could be completely explained by a migration mechanism driven by a combination of Kozai-Lidov oscillations and planet-planet scattering, without the need to invoke disc migration. Triaud et al. (2010) (hereafter T10) added 6 planets to the ensemble of known RM measurements. Calculating individual ψ distributions for each planet based on the assumption that stellar rotation axes are randomly oriented on the sky, they produced a total distribution for the ensemble of planets, finding that it matched the theoretical distribution of Fabrycky & Tremaine (2007) for Kozai-Lidov mechanism dominated migration, further implying that disc migration might be superfluous to requirements for explaining the presence of hot Jupiters.
Here we present measurements of the RM angle for three more planets from the Wide Angle Search for transiting Planets (WASP) (Pollacco et al. 2006) , WASP-16 b, WASP-25 b and WASP-31 b, and investigate how they modify the ensemble results and conclusions discussed above. In section 2 we give details of our observations, and in section 3 we discuss the analytical methods used to determine the misalignment angles. In section 4 we report on the results of our analysis for the individual systems. In section 5 we discuss the implications of our results for previously observed trends. Finally, in section 6, we take another look at the question of alignment, presenting a new test for planetary orbit misalignment.
OBSERVATIONS
Radial velocity data for all three planetary systems were obtained using the CORALIE high precisionéchelle spectrograph (Queloz et al. 2000b ) mounted on the Swiss 1.2 m Euler telescope, and with the HARPS high precisionéchelle spectrograph (Mayor et al. 2003 ) mounted on the 3.6 m ESO telescope at La Silla. Data from CORALIE were used primarily to constrain the presence of a long-term trend in radial velocity that might be indicative of a third body in the system, whilst HARPS was used to monitor the radial velocity before, during and after a specific transit event. Two data points were obtained the night before the transit, and for at least one night following the transit; on the night of the transit observations were started 90 minutes prior to the predicted start of transit and continued until 90 minutes after its predicted conclusion.
WASP-16
WASP-16 was observed using CORALIE between 2008 March 10 and 2009 June 3, on an ad-hoc basis. One datum Lister et al. (2009) . Parameters for WASP-25 were taken from Enoch et al. (2011) . Parameters for WASP-31 were taken from . v sin I and macroturbulence values have been updated through spectroscopic analysis of the new HARPS data using the Bruntt et al. (2010) was also acquired on 2010 July 14 to retest the hypothesis of a long-term radial velocity trend. The transit observed with HARPS occurred on the night of 2010 March 21; 32 data points were acquired over the duration of the night. This transit observation was affected by cloud cover, so an additional transit was observed on the night of 2011 May 12, producing a further 28 RV measurements. Further measurements were made on the days surrounding this transit as well (see journal of observations, Tables B1, B2 and B3) . Details of the photometric observations of WASP-16 are given in Lister et al. (2009) .
WASP-25
HARPS observed the transit taking place on the night of 2008 April 11. 44 observations were made that night, with additional data acquired on adjacent nights (see the journal of observations, Tables B4 and B5). The system was observed using CORALIE between 2008 December 29 and 2009 June 28, with observations made at irregular intervals between these dates. Enoch et al. (2011) describe the photometric observations that were made of WASP-25.
WASP-31
WASP-31 was observed using CORALIE between 2009 January 4 and 2010 May 18 during several short runs. HARPS was used to observe a full transit on the night of 2010 April 15, with 17 data points obtained. Additional observations were made on adjacent nights (see the journal of observations, Tables B6 and B7 ).
The photometric observations for WASP-31 are discussed in .
DATA ANALYSIS
Our analysis mirrors that of T10, using the complete set of photometric and spectroscopic data for the objects that we investigate in order to fully account for parameter correlations. We use an adapted version of the code described in Collier Cameron et al. (2007) , fitting models of the photometric transit, the Keplerian RV and the RM effect to the system data. The fit of our model is refined using a Markov Chain Monte Carlo (MCMC) technique to minimize the χ 2 statistic, and to explore the parameter space using the jump parameters T0 (epoch of mid-transit), P (orbital period), W (transit width), b (impact parameter), γ velocity,γ, K (RV semi-amplitude), T eff (stellar effective temperature), [F e/H] (metallicity), √ e cos ω, √ e sin ω, √ v sin I cos λ and √ v sin I sin λ. We use a burn-in phase of 2000 steps, with burn-in judged to be complete when χ 2 becomes greater than the median of all previous values (Knutson et al. 2008) . A minimum burn-in length of 500 steps is applied to ensure that burn-in is truly complete. Once this initial phase is over we use a further 100 steps to recalculate the parameter jump lengths before beginning the real Markov Chain of 10000 accepted steps; with the acceptance rate of 25 percent recommended for the Metropolis-Hastings algorithm (Tegmark et al. 2004) this gives an effective chain length of 40000 steps. Our set of final parameters is taken to be the median of the Markov chain, with the 1σ error bars calculated from the values that encompass the central 68.3 percent of the accepted steps. We account for limb darkening using a non-linear treatment based on the tables of Claret (2000) , interpolating the coefficients at each step in the chain.
The inclusion of the photometric data is an important point. Although we fit the RM effect to the radial velocity data, the transit width and depth, as well as the impact parameter, can be determined from the photometric transit. These parameters have a role to play in the characterisation of the form of the RM anomaly. The transit width helps to determine the duration of the anomaly whilst the depth gives the planetary and stellar radii. The radii and impact parameter in turn help to determine v sin I, upon which the amplitude of the anomaly depends . Although characterisation of the RM effect can be carried out using the spectroscopic data alone, by taking the photometric data into account in this way we ensure consistency across the full set of system parameters. To account for stellar jitter we initially assign a value of 1 m s −1 , below the level of precision of the spectrographs used for this work, which we added in quadrature to the in-transit photometric data.
We separate our RV data by instrument, and within those distinctions also treat spectroscopic data taken on nights featuring planetary transits as separate datasets. Our model for the orbital RV signature treats the sets of data as independent, producing individual offsets and radial velocity trends for each one. The reported solution is that for the set of RV data covering the greatest phase range. For completeness, we also repeated our analysis using only RV data taken during nights that featured a transit event, but found little to distinguish them from our analysis of the the full set of data.
For our RM model we use the analytic formula of . This method requires prior knowledge of several broadening coefficients, specifically the macroturbulence, for which our estimates are noted in Table 1 , and the Lorentzian (γ) and Gaussian (β) spectral line dispersions. The line dispersions were dictated by our use of the HARPS instrument, which has a spectral resolution of R = 115000, implying an instrumental Gaussian dispersion of 2.61 km s −1 . This was combined with the intrinsic Doppler linewidth, including appropriate thermal and turbulent motion for each star, to obtain values of β = 3.1 km s −1 for WASP-16 and WASP-25, and β = 3.3 km s −1 for WASP-31. We assumed γ = 0.9 km s −1 in line with Hirano et al., and also assumed that the coefficient of differential rotation, α = 0. WASP-16 and WASP-25 are both slow rotators, and whilst WASP-31 should be considered a moderately fast rotator, without knowledge of the inclination of the stellar rotation axis it is difficult to place a value of α.
We apply several Bayesian priors to χ 2 to account for previously known information: a prior on the eccentricity, allowing for the forcing of circular solutions; a prior on the spectroscopic v sin I, using updated values of v sin I derived from the newly acquired HARPS spectra and the macroturbulence calibration of Bruntt et al. (2010) , and a prior enforcing a main sequence (MS) mass-radius relationship. This MS prior is based on that discussed in Collier Cameron et al. (2007) , but is only applied to the stellar radius. The stellar mass is estimated using the calibration of Enoch et al. (2010) .
To distinguish between models that use different combinations of priors we minimize the reduced χ 2 for the spectroscopic data; in cases where there is little to choose between the different sets of input conditions we gravitate towards the model with the fewest free parameters. In what follows we refer to χ 2 as the combined χ 2 for the complete data set, χ 2 RV as the value for the spectroscopic RV data only, and χ 2 red as the reduced χ 2 for the spectroscopic data alone. Note also that we refer to the projected spin-orbit misalignment angle as λ, as is more common in the literature, not β as used by T10 (strictly λ = −β).
ROSSITER-MCLAUGHLIN RESULTS

WASP-16
WASP-16b (Lister et al. 2009 ) (hereafter L09) is a close Jupiter analog orbiting a Solar-type star with a period of 3.12 days. The planet is somewhat less massive than Jupiter but of comparable radius, whilst the host star is similar in mass, radius and metallicity to the Sun, but exhibits significant lithium depletion. Our updated spectroscopic analysis using the HARPS spectra yields a projected stellar rotation velocity of v sin I = 2.3 ± 0.4 km s −1 . Our original estimate of stellar jitter produced fits with χ 2 ≈ 1.6, leading us to re-estimate the jitter following Wright (2005) . We calculated line strengths for the calcium H and K emission lines in each of the HARPS spectra, and used these to estimate values for the chromospheric activity metric S. These were then calibrated against the Mount Wilson sample (see e.g. Baliunas et al. (1995) ), and absolute magnitudes of the stars were calculated using Gray (1992) . We eventually adopted the 20th percentile value of 3.6 m s
as a conservative estimate of the jitter.
Removing the requirement for the system to obey a main sequence mass-radius relationship (equation 6 in Collier Cameron et al. (2007) ) produced changes of between 0 and 2 percent in the stellar mass and radius, leading to increases in the stellar density of between 1 and 4 percent, for no discernible improvement in fit. Comparing impact parameter values, we find that we obtain an average value of b = 0.83 
used to measure the discrepancy between the stellar radius from the (J-H) colour and that returned by the MCMC algorithm, increases from an average of 0.17 to 0.34 when the prior is removed, a relatively small increase as suggested by the modest changes in stellar parameters. We therefore find little to distinguish between the cases with the MS requirement applied, and those with the stellar radius freely varying, and choose not to apply this prior in our final solution. Adding a long-term, linear RV trend produced no improvement in χ 2 red , and with a magnitude of |γ| < 3 m s −1 yr −1 we disregard the possibility that there is a such a trend in the spectroscopic data. Adding a prior on the spectroscopic v sin I similarly gave almost no difference in the quality of the fit obtained. For most combinations of priors our analysis returned v sin I ≈ 1.2 ± 0.3 km s −1 , significantly slower than the spectroscopic value.
Allowing the eccentricity to float again led to no significant improvement in the fit, and all of the values of e returned by our various combinations of priors were consistent with e = 0 to within 2σ. We tested these small eccentricity values using equation 27 of Lucy & Sweeney (1971) , which adopts a null hypothesis of a circular orbit and considers an orbit to be eccentric if this is rejected at the 5 percent significance level. This F-test indicated that none of the eccentricities were significant, and thus that a circular orbit is favoured.
We therefore adopt as our conclusive solution the case without the MS prior active, with no prior on v sin I, no −0.5 km s −1 ; this is significantly slower than the spectroscopic value of v sin I that we obtained from spectral analysis. However an alternative analysis of the HARPS spectra using the calibration of Gray (2008) provides an estimate of v sin I = 1.2 ± 0.5, in good agreement with the value that we found from our model. Our solution also indicates a high impact parameter of 0.82
−0.02 that reduces the likelihood of a degeneracy developing between λ and v sin I. Examination of Fig. 2b highlights this, with a triangular distribution that is centred close to λ = 0
• . The main section of this distribution lies within the limits |λ| < 20
• , providing further evidence for the well-aligned system that was suggested by our best-fitting RM angle. From L09 we note that the host star has T eff = 5700 ± 150 K, which places it in the 'cool' category of W10; an aligned orbit therefore fits their hypothesis quite nicely.
As previously noted, the amplitude of the RM anomaly for WASP-16 is quite small. The aligned nature of the system suggests that this can be put down to the star being an old, slowly rotating star, which would be consistent with the age estimate reported by L09, which suggests an age > 5 Gyr based on a lack of detectable lithium. A second possible explanation could be that we are in fact viewing the host star almost pole-on, which could still be consistent with an orbit that is aligned in the plane of the sky. This would lead to a low projected rotation velocity, and a transit across the pole of the star would have a small RM amplitude, as observed here. The minimum stellar inclination is limited by the observed lithium depletion
1 , but such a structure would imply a younger age for the star owing to the rapid true stellar rotation. Interestingly isochronal analysis in L09 implies an age of 2.3 +5.8 −2.2 Gyr, lower than the limit implied by the lithium depletion. However new isochronal fits, using our results and a range of stellar models, returned ages of 4.7 (2006)). These ages further support the case for a slowly rotating host star, and are consistent with the star's observed lithium abundance. Careful analysis of the HARPS spectra allowed us to measure the chromospheric Ca II H & K emission. We find that log(R HK ) = −5.10±0.15, indicating a low level of chromospheric activity. This rules out the possibility that the star is misaligned along the line-of-sight, as we would expect much greater calcium emission from a young, rapidly rotating star. We note that this agrees with the work of Schlaufman (2010) , who finds no evidence for line-of-sight misalignment in the WASP-16 system. Following Watson et al. (2010) we calculate Prot = 30.2 +4.7 −3.8 days, which implies an age of 3.8 +1.2 −0.8 Gyr for WASP-16 according to the gyrochronology method of Barnes (2007) using the updated coefficients of Meibom, Mathieu & Stassun (2009) and James et al. (2010) . A recent reanalysis of the WASP-1 and WASP-2 systems highlighted the fact that in systems with low amplitude, low S/N RM anomalies, the angles reported tend towards 0
• and 180
• owing to the greater probability density in the distribution for λ. The same study cautions readers against drawing strong conclusions of alignment in such cases. Our data for WASP-16 certainly show some of the characteristics discussed in the Albrecht et al. study, and we have indeed found a well-aligned system with λ close to 0.
However there are other methods by which the alignment angle of a planetary orbit can be deduced. Doppler tomography is an established method for mapping velocity variations in binary stars (e.g. Albrecht et al. (2007 Albrecht et al. ( , 2009 ), but its application to transiting exoplanets is in its infancy. The technique has, to date, been used to study HD189733 ( is best suited to analysing hot, rapidly rotating exoplanet host stars. WASP-16 A exhibits neither of these attributes, but analysis is ongoing (Miller et al., in prep) and indications are that it gives similar results for the obliquity angle of this system. An independent detection of the RM effect, also suggesting alignment, was announced at IAU Symposium 276 by Winn, and we look forward to the published results with interest.
WASP-25
WASP-25b (Enoch et al. 2011 ) (hereafter E11) is a significantly bloated, sub-Jupiter mass planet orbiting a solartype, somewhat metal-poor host star with an orbital period of 3.76 days. A full set of results from our analysis is displayed in Table 3 . One RV measurement was found to lie at 3 σ from the best-fitting model, and to be consistent with the out of transit RV curve. This datum was omitted from our analysis, and will be discussed further later.
We found that allowing the eccentricity to float led to a negligible difference in χ 2 red , and that the eccentricity values being found were within 2σ of 0. We therefore concluded that the small eccentricity values being returned were arising owing to the biases inherent in the MCMC method (Ford 2006) , and that the orbit of WASP-25 is circular. In this we agree with E11. We confirmed this conclusion regarding a circular orbit using the F-test of Lucy & Sweeney (1971) , which returned very high probabilities of the small eccentricity values having arisen by chance.
We found little difference between the quality of fit for the equivalent cases with the MS mass-radius relation forced on the system, and those without the same constraint. The relaxation of this prior leads to larger values of λ, but also increases the discrepancy between the stellar mass and radius values. The stellar mass value varies little between runs, but relaxing the MS prior reduces the stellar radius by between 2 and 3 percent, dependent on the other priors being applied. This leads to an increase in the stellar density of between 7 and 12 percent fromρ * , M S ≈ 1.22ρ toρ * , no M S ≈ 1.34ρ , averaged across all combinations of the other priors. Considering the impact parameter, we find that relaxing the MS requirement gives a value ofb = 0.38 +0.16 −0.22 , whilst using the prior returnsb = 0.44 +0.11 −0.12 , both averaged across all other combinations of priors. The S parameter increases from an average of 3.56 to 5.92 when the prior is removed. In light of these differences, we elect to apply the MS prior in our final analysis.
Adding a long-term linear trend in RV improved the χ 2 spec of the solution, but the value of the trend varied significantly between runs, ranging from ≈ 2 to ≈ 105 m s −1 yr −1 . We also found that in some cases the models produced when a trend was applied showed a notable offset from the RV data in transit. To check whether a trend was truly present in the system, 2 additional RV measurements were obtained using HARPS on 2010 August 25 and 26. Analysing these in conjunction with previously obtained data shows no evidence for a long-term RV trend, and so we disregard this possibility for our final solution. Introducing a prior on the spectroscopic v sin I produced no improvement to the quality of fit to the data, irrespective of the other flags. We do not therefore apply such a prior in our final solution, and take this opportunity to obtain a separate measurement of the projected stellar rotation speed.
Taking the results of these investigations into account, we select the solution with e = 0, no long-term linear trend in RV and no prior on v sin I, with the main sequence massradius relation enforced. This gives λ = 14.6
• ± 6.7, a detection of the RM effect at 2.2σ from 0. We also obtain a value for the stellar rotation of v sin I = 2.9 ± 0.3 km s −1 , slightly greater than but in agreement with our updated spectroscopic value of 2.6 ± 0.4 km s −1 . The impact parameter for this solution is 0.44 ± 0.04. No correlation is apparent between v sin I and λ (see figure 4b), although there is evidence for a correlation between the impact parameter and λ (see figure 4a ). It is possible that this correlation is responsible for the poor fit of the model to some parts of the RM data.
The mechanism responsible for the outlier that we omitted from our analysis is unknown, although we note that Simpson et al. (2010) experienced a similar situation in their analysis of the WASP-38 system, positing seeing changes of telescope guiding faults as possible causes. We suggest a third mechanism; the discrepant point might be caused by the planet traversing a stellar spot. In such a situation the spot would mask the presence of the planet, causing the RV measurement to diverge from the standard RM anomaly pattern. This scenario was suggested to explain a similar anomaly in the data for the WASP-3 system (Tripathi et al. 2010 ), but we note that the divergence from the RM effect in that case showed a gradual rise and fall rather than the delta function change observed here, and was eventually attributed to the effect of moonlight. Unfortunately we lack simultaneous photometry from the night of the observed spectroscopic transit, which would show the presence of such a spot. It is also possible that some form of transient event, such as a white light stellar flare, is responsible for the drastic, sudden change in measured RV for this point, although. Such events were discussed in the context of LQ Hya (Montes et al. 1999) , and were observed to produce 14189 ± 168 91 ± 13 1.1 ± 0.2 Figure 3 . Results from the fit to the data for WASP-25 of our optimal solution: a circular orbit, no long-term RV trend and no prior on the spectroscopic v sin I. The main sequence mass-radius relation was not enforced. The point denoted by the open square was found to lie 3 σ from the best-fitting model, and was not included in the analysis. Legend as for Fig. 1 . chromospheric disturbance in the core of otherwise normal spectral lines. This dilution of the spectral lines could affect the continuum level during the flare event, and potentially lead to anomalous redshifting for a short period of time.
Such an event would have to be very short duration however, and coincide with the planet's path across the stellar disc.
Should we consider WASP-25 to be aligned? W10 put forward a criterion of λ 10 o to > 3σ for misalignment; our result for WASP-25 clearly fails this test. T10 suggest an alternative criterion of λ > 30 o as the limit above which we can be sure a system is misaligned given the average magnitude of the errors in λ that are found by analysis of the RM effect. WASP-25 also misses this target by some margin. But the data for the RM effect appear to be slightly asymmetric in Fig. 3b , suggesting that the system is misaligned (although we note that the best fitting model does not reflect this).
This slight asymmetry in the RM anomaly might arise as a result of some form of systematic effect. We have already mentioned the possibility of stellar spots in the context of the anomalous datum omitted from our analysis. Could they also provide a possible explanation for the asymmetry? Consider a star on which stellar spots are more numerous in one hemisphere than the other during the planetary transit, but on which they lie away from the transit chord. As the planet transits the more spotty hemisphere it will hide a comparatively larger fraction of the photosphere, and therefore mask a greater contribution to the overall flux than when it is transiting the less spotty hemisphere. The half of the anomaly corresponding to the spotted hemisphere would therefore have a greater amplitude than the half of the anomaly corresponding to the unspotted hemisphere, leading to an asymmetric RM effect. If the difference in the number and/or size of spots between the two hemispheres is small then the asymmetry would be only minor. This interesting systematic was discussed by Albrecht et al. (2011) for the case of WASP-2, and also seems to have played a role in the analysis of the CoRoT-2 RM in Bouchy et al. (2008) . In the case of WASP-25 the approaching, blue-shifted hemisphere would be required to have a slightly greater density of stellar spots than the receding, red-shifted hemisphere, which would also lead back to the possibility of a transient event being responsible for the anomalous datum.
We will return to the question of WASP-25's alignment in section 6.
WASP-31
WASP-31 ) is a bloated, 0.5 MJ planet orbiting an F-type star of sub-solar metallicity with a period of 3.5 days. The host star is a moderately rapid rotator, with v sin I = 8.1 ± 0.5 from spectroscopy. Full results of our analysis can be found in Table 4 .
We found no difference between the χ 2 red values for any combination of priors. We found that imposing the mainsequence mass-radius relation had little effect on the fit to the spectroscopic data, but had a deleterious effect on the stellar parameters. Removing the prior produced an increase in stellar radius of between 3 and 6 percent and a decrease in the stellar mass of between 1 and 2 percent, leading to a decrease in stellar density of between 8 and 15 percent from ρ * , M S ≈ 0.67ρ toρ * , no M S ≈ 0.62ρ , averaged across all other combinations of priors. Comparing the impact parameter and S statistic, we findb = 0.79 14695 ± 171 63 ± 11 0.9 ± 0.2 off off 0 0 7.5 ± 0.7 2.7 ± 3.0 14702 ± 171 64 ± 11 0.9 ± 0.2 off on 0 0 7.5 ± 0.7 2.8 ± 3.1 14706 ± 172 64 ± 11 0.9 ± 0.2 off off 6.4 14705 ± 171 65 ± 11 0.9 ± 0.2 when the requirement for the star to be on the MS is enforced. Owing to the much more favourable S statistic, and the influence on the stellar parameters, we elect to use results which account for the MS relationship. Adding a linear velocity trend gave no discernible difference in the quality of the fit to the spectroscopic data, and with a magnitude of |γ| < 13 m s −1 yr −1 we conclude that no such trend is present in the system. Adding a prior on the spectroscopic v sin I made little difference to the results despite the relatively rapid rotation, so we again choose the simpler route and neglect such a prior. Finally, we choose a circular solution; the F-test of Lucy & Sweeney (1971) shows that the small eccentricity values returned when e is allowed to float are insignificant.
Our optimal solution is therefore that obtained with no v sin I prior, no velocity trend, the MS prior active, and e = 0. This set of priors gives λ = 2.8
• ± 3.1 , leading to the conclusion that the WASP-31 system is well-aligned. It is worth noting that this would be the conclusion whichever combination of priors we chose, as all of the values of λ that we obtained lie within 1.2σ of 0 o . The impact parameter is 0.77 +0.01 −0.02 . The stellar rotation for this solution has a value of v sin I = 7.5±0.7 km s −1 . As with our result for WASP-16 this is slower than the spectroscopic value, but in this case the value agrees to within 1σ. Again, an alternative analysis using the calibration of Gray (1992) returns a value of v sin I (7.5 ± 0.5 km s −1 ) more similar to our MCMC result. WASP-31 is not included in the sample of Schlaufman (2010) owing to its time of publication. In order to check the possibility of misalignment along the line-of-sight, we follow the method of Schlaufman and calculate the rotation statistic, Θ. The age of WASP-31 A is somewhat uncertain however; its lithium abundance, gyrochronology and the presence of a close companion all suggest ages of ≈ 1 Gyr, whilst previous stellar model fits imply an older age of 4 ± 1 Gyr. We reassess the isochronal fit for the system, obtaining ages of 4.0 −1.2 Gyr (VRSS models). Using these estimates we calculate values of Θ = −4.5, −3.0, −3.7 and −2.8 respectively; WASP-31 is therefore rotating more rapidly than expected given its age in both cases. The chance of significant misalignment along the line-of-sight therefore seems slim; the inclination of the WASP-31 b's orbit is 84.6 ± 0.2
• , leaving little room for an increase in rotation velocity owing to line-of-sight misalignment.
INTEGRATION INTO THE ENSEMBLE OF RESULTS
The analysis of W10 provides a good starting point for integrating our new results into the existing ensemble of RM measurements. Fig. 7 reproduces fig. 2 from their paper, with the addition of all complete RM measurements made since its publication (except WASP-23 , for which the result is still highly uncertain, and WASP-26 , which showed only a very low amplitude and was classed as a non-detection); we list these planets in Table 5 . We also elect to include most of the systems that W10 disregard during their analysis as having insufficiently precise measurements of λ 2 in order to provide a full picture Figure 5 . Results from the fit to the data for our adopted solution for WASP-31, with a circular orbit, no prior on the spectroscopic v sin I, no long-term radial velocity trend, and the mass-radius relationship applied. Legend as for Fig. 1 . . Projected stellar obliquity, λ, as a function of stellar effective temperature for all systems with confirmed measurements. WASP-16 is marked by a green, filled triangle, WASP-25 by a blue, filled circle, and WASP-31 by a red, filled square. The vertical dotted line marks the distinction between 'cool' and 'hot' systems, whilst the horizontal dotted line marks 30 • , the angle above which a system is considered to be misaligned in W10 and T10.
of the current state of RM analysis. Whilst it is true that making a definitive statement regarding alignment is more difficult for these systems owing to their large uncertainties, the criteria for granting misaligned status should take account of this. We are also interested in comparing our new measurements to the general form of the current ensemble. Omitting the systems listed above does not simplify this task, so we elect to include them.
WASP-31 has an effective temperature of 6300 ± 100 K, which falls with 1σ of the border between the 'hot' and 'cool' categories of W10, albeit tending towards the 'hot' side. We cannot therefore draw any conclusions as to how it affects the trend proposed in that paper.
With an effective temperature of 5750 ± 100 K, WASP-25 falls into the 'cool' category (T eff 6250 K) of W10, which they find to be preferentially aligned -their sample gives a probability of misalignment for 'cool' stars of 0.17. Updating this result using our expanded sample changes the probability to 0.20 using either the criterion of W10, or to 0.13 using the criterion of |λ| > 30 o from T10. It is worth noting here that the apparently large differences in misalignment probability between the two criteria are an artefact of the sample size, which is still relatively small at 48 systems (30 'cool', 18 'hot') . Switching between the two criteria only changes the number of aligned systems by two for the 'cool' sub-sample, and has no effect on the number of misaligned systems in the 'hot' sub-sample. Under both criteria the apparent alignment of WASP-25 b's orbit is in accordance with the W10 hypothesis. WASP-16, T ef f = 5700 ± 150 is also classified as a 'cool' system. All available information points towards this system being well-aligned, and it therefore fits well with the hypothesis of W10.
The final interesting point about Fig. 7 is the apparent lack of systems with mildly retrograde, close to polar orbits. There are currently only two systems with 80 o λ 110 0 , and only one more with 110
• This relatively unpopulated region is less noticeable when considering ψ owing to the increased size of the error bars, but it is still apparent. We speculate that truly polar orbits are perhaps unstable for some reason. Or perhaps it is simply our inability to determine the inclination of the stellar rotation axis that is at fault. It may be that some 'aligned' systems actually have close to polar orbits if this angle is accounted for. It may also be that we simply have yet to observe very many systems in this region of the parameter space, and future publications may provide the data to fill this underpopulated area. It has not been remarked upon before in this context, but a drop in the number of systems at mid-range obliquity angles is clearly predicted by the theoretical ψ angular distribution of Fabrycky & Tremaine (2007) . It also clearly shows up in the angular distribution for the complete set of known obliquity angles, fig. 10 in T10. We reproduce this figure in Fig. 8 , adding the probability distributions of the planets in Table 5 as well as those of the planetary systems from this study. ψ, the true misalignment angle, is given by cos ψ = cos I cos i + sin I sin i cos λ,
where I is the inclination of the stellar rotation axis to the line-of-sight, and i is the inclination of the orbital axis to the line-of-sight. To calculate the ψ distribution for each planet we carried out 10 6 Monte Carlo simulations, drawing values for I from a uniform cos I distribution to represent the case in which stellar rotation axes are randomly oriented on the sky. We also accounted for the error bars on i and λ by drawing values from a Gaussian distribution with our optimal solution values as the mean values, and scaled to the uncertainties in those values. The individual planets' distributions were then summed to produce our total distribution, which is similar to that of T10, and still compares favourably to the theoretical histogram from Fabrycky & Tremaine (2007) . The drop in probability at mid-range angles is in line with the underpopulated region of Fig. 7 , and our additions bring the primary, low-angle peak closer in shape to the theoretical distribution. The overall shape of the secondary peak is less clear; it is still dominated by contributions from individual systems owing to the smaller number of planets with strongly misaligned orbits as compared to the number of aligned or weakly misaligned systems, but appears as though it may be broader and more shallow than the theoretical prediction. Fig. 8 requires the assumption that the I, the stellar inclination, is isotropic and that the angular distribution is unimodal. However the discussion of W10 implies that the distribution is in fact bimodal. A clearer demonstration of the agreement between theoretical predictions and current observations is therefore to look at the distribution in λ. This requires the converse transformation of the predicted ψ distribution of Fabrycky & Tremaine (2007) into λ.
We reproduce the lower panel of fig. 9 from T10, taking into account the additional measurements of λ from Table 5 . For HAT-P-7 and HAT-P-14, both of which have published λ > 180.0
• , we used the negative angle equivalent (360 − λ). This cumulative λ distribution avoids both of the assumptions inherent in Fig. 8 . Agreement between the observational data and the theoretical predictions of Fabrycky & Tremaine (2007) has been improved, particularly for low-to mid-range angles, but the observational data are still slightly lacking in high obliquity systems compared to the theoret- Table 5 . Relevant data for the planetary systems for which the Rossiter-McLaughlin effect has been characterised since the publication of W10. We add these systems to the Winn et al. sample to bring the ensemble of results up to date and allow us to better analyse the place of WASP-25 and WASP-31 within that ensemble. Figure 8 . The total distribution of the true obliquity angle, ψ, for the complete sample of systems for which λ has been measured. The dotted histogram represents the theoretical distribution of Fabrycky & Tremaine (2007) . The dashed line represents the limit of ψ = 30 • above which a system is considered to be misaligned. The overall forms are comparable, and the total ψ distribution is similar to fig. 10 of T10. The shape of the primary peak agrees well with theoretical predictions. The overall shape of the secondary, high angle peak in the distribution is less clear, but may be more shallow and broader than anticipated. The sudden drop in probability density at mid-range angles, around ψ ≈ 90 o , has become more pronounced when compared to the distribution of T10. Figure 9 . Cumulative probability histogram for λ. The solid line denotes observational data, whilst the dotted line denotes the theoretical distribution of Fabrycky & Tremaine (2007) , converted from ψ to λ. The vertical blue, dashed line marks λ = 30 • , the limit above which a planetary orbit is considered to be misaligned. The agreement between the two distributions has improved with the addition of measurements made since the publication of T10, particularly at mid-range angle, prograde orbits, but the observational data is still lacking in high obliquity systems compared to the theoretical prediction.
ical histogram, whilst showing more low-obliquity systems than expected.
A NEW MISALIGNMENT TEST
The Rossiter-McLaughlin effect has now been measured for 48 transiting exoplanets, but as of yet there seems little consensus as to the best way of classifying them as aligned or misaligned. For most of the systems with measurements of λ this is not a serious problem; either |λ| > 90 o , or the error bars are such that the obliquity is consistent with zero. But as the number of RM measurements continues to grow, there will be an increasing number of systems in a similar situation to WASP-25, which exhibits a mildly asymmetrical RM anomaly but does not fulfil any of the current misalignment criteria.
There are two main criteria currently in use by the community. W10 use |λ| > 0 o at 3σ significance to define a misaligned system. T10 take |λ| > 30 o as their threshold, on the basis that errors in the obliquity angle are of the order of 10 o , and therefore this gives 3σ significance as well. We would like to introduce a new test for misalignment that takes a completely different approach to these.
We consider the set of WASP planets for which the RM effect has been characterised using RV data, including the systems presented in this study. We neglect the WASP-33 system for which the misalignment angle has been measured only through Doppler tomography , and disregard the ambiguous results for WASP-23 ) and WASP-2 . For reasons of consistency we use the RV based solution of Tripathi et al. (2010) for our intial conditions for WASP-3, rather than the more recent tomographical study of Miller et al. (2010) . The full set of planets sample is listed in Table 6 .
Our test is based on the Bayesian Information Criterion (BIC) (Liddle 2007) ,
where k is the number of parameters and n is the number of data. Changing the value of λ only affects the form of the model RV curve in-transit; we therefore just consider those RV points that lie within a region of the RV curve around phase 0 defined by the fractional transit width when computing the second term of the BIC. The number of parameters changes according to the choice of priors applied to the MCMC run; adding a long-term RV trend, fitting the RM effect, and allowing the eccentricity to float all add one or more additional parameters to the model. We carry out two MCMC analyses for each of the systems in our sample, using the same combination of priors for both. The first analysis allows both √ v sin I cos λ and √ v sin I sin λ to float, whilst the second forces an aligned orbit by fixing √ v sin I sin λ = 0. We calculate the BIC for both runs, before calculating B = BIC align /BIC. For the 3 systems presented herein we use our adopted solutions, and carry out an additional run to provide the aligned case. We plot the results for all of the systems as a function of the sky-projected alignment angle.
We find several distinct groups of systems within our results, which lead us to define three categories of alignment into which systems with RM measurements can be classified. Five systems, including WASP-16 and WASP-31, were found to haveB 0.980, implying that the model with λ = 0 provides a better fit that the free-floating λ model. Of these five systems, all would be classified as aligned according to either of the existing misalignment criteria. A further four systems, including WASP-25, are clustered around B = 1.00, forming a distinct group in figure 10b. Forcing an aligned orbit would seem to make little difference to the quality of the fit between data and model in these cases. Of these systems three would clearly be classed as aligned according to W10 and T10, but the fourth (WASP-1) would actually be classed as misaligned according to W10. The remaining systems clearly lie distinct from those discussed so far, and many are clearly classifiable as misaligned, with |λ| > 100
• and B > 1.5. In light of these results, we define three categories of alignment. Systems for which B 0.99 we classify as misaligned. Those with B 1.01 we classify as aligned. Systems falling between these categories, with 0.99 < B < 1.01 we classify as of indeterminate alignment. We would also define a fourth category, that of 'no detection', as containing those systems with v sin I consistent with 0 to within 1σ, but our current sample contains no systems that meet this requirement.
Some of the systems in Table 6 warrant a little more examination. WASP-16, despite the relatively poor quality of the RM data that we obtained, can be more strongly considered aligned than WASP-31 with its high quality data. This is an interesting, if puzzling result, but does provide further evidence to support our previous conclusion of an aligned system for WASP-16. WASP-25 is classified as undetermined under our new criteria, possibly owing to the relatively poor match between the shape of the RM anomaly and the best-fitting model. However we note that it lies very close to the boundary between the 'undetermined' and 'misaligned' categories. Our new MCMC runs for WASP-1 and WASP-4 produce very large error bars on λ, but end up in different categories despite both failing the T10 criterion of misalignment. Examining their respective RM anomalies we note that both have very low amplitudes, but that the data for WASP-4 is of significantly better quality than that for WASP-1. It is likely that this is responsible for the difference in classification. In addition, T10 noted a substantial correlation between λ and v sin I for WASP-4, arising due to the low impact parameter, which may be producing the large lower error. WASP-38 also exhibits a significant error bar on λ, and we again note that the RM data is again of somewhat poor quality. New observations of WASP-38 using HARPS may help to improve the quality of the results for the system, allowing us to draw firmer conclusions (Brown et al, in prep.) .
CONCLUSIONS
We have presented analysis of the Rossiter-McLaughlin effect for WASP-16, WASP-25 and WASP-31. We find WASP-16 to have a very low amplitude signal, but the use of two complete spectroscopic transits has enabled us to determine a sky-projected alignment angle of λ = −4.2
• +11.0 −13.9 . For WASP-25 we find a mildly asymmetric RM anomaly with λ = 14.6
• ± 6.7, and for WASP-31 we obtain λ = 2.8
• ± 3.1, indicating a well-aligned system.
Since WASP-31 lies so close to the effective temperature that divides the classes of 'hot' and 'cool' planet hosts, we cannot say how its alignment affects the pattern proposed by W10. WASP-25 on the other hand at first appears to strengthen their hypothesis, with the existing misalignment criteria of both W10 and T10 labelling it aligned. We have also presented a new method for determining the alignment or otherwise of an exoplanetary orbit. Our test is based on the BIC statistic, and bases the misalignment or alignment of a system on the ratio of the values of the BIC for the free λ case and the aligned case. We classify systems with B 1.01 as misaligned, those with B 0.99 as aligned, and those with 0.99 B 1.01 as of indeterminate classification. WASP-25 falls in this last category, albeit very close to the boundary with the 'misaligned' classification.
The results presented herein bring the analysis of the ensemble of systems with confirmed stellar obliquities up to date. Our results have done little to change the overall picture presented by T10, instead strengthening the agreement with theoretical predictions for the distributions of both the projected and true stellar obliquities. We should not be too hasty to assume that we have solved the problem of hot Jupiter migration however; new discoveries are constantly causing us to re-evaluate our current understanding. Figure 10 . B as a function of λ for the sample of planets in Table 6 , as well as the systems presented in this study. WASP-16 is denoted by a filled, green triangle. WASP-25 is denoted by a filled, blue circle. WASP-31 is denoted by a filled, red square. The horizontal dotted line marks B = 1.00. The two vertical dotted lines denote |λ| = 0 • and |λ| = 30 • , the existing criterion for misalignment. Left: All data. Right: A close-up of the heavily populated region in the lower left of the plot, around B = 1.00 and |λ| = 0 • . This shows the separation of the systems into several distinct groupings, which lead us to define three categories of alignment. This changes the existing classification of some systems. WASP-25 off on 0 0 3.6 2.9 ± 0.3 14.6 ± 6.7 WASP-31 off on 0 0 1.0 7.5 ± 0.7 2.8 ± 3.1 
